] ER values above 1 mM and in some parts even above 2 mM. About 5% of the ER was also found to have high [Ca 2+ ] ER levels but to be thapsigargin-insensitive and inositol trisphosphate insensitive. The rate of refilling with Ca 2+ of the ER was almost linearly dependent on the extracellular [Ca 2+ ] between 0.1 and 3 mM, and was only partially affected by mitochondrial membrane depolarization. Instead, it was significantly reduced by loading cells with chelators, and the fast chelator BAPTA was much more effective than the slow chelator EGTA. This suggests that local [Ca 2+ ] microdomains connecting the store operated Ca 2+ channels with the ER Ca 2+ pumps may be important during refilling. © 2013 Elsevier Ltd. All rights reserved.
Introduction
We have recently described the use of a new double mutated form of aequorin with very low [Ca 2+ ] affinity to measure mitochondrial [Ca 2+ ]. We use here this double mutated form of aequorin to measure the [Ca 2+ ] in the endoplasmic reticulum ([Ca 2+ ] ER ). The first measurements of [Ca 2+ ] ER using mutated aequorin, reconstituted with a semi-synthetic coelenterazine with lower relative luminescence intensity (coelenterazine n), were made by us 15 years ago [1] [2] [3] . This combination of mutated aequorin and coelenterazine n (ER-mutAEQ-n) has been widely used to measure [Ca 2+ ] ER along these years [4] [5] [6] [7] [8] . However, it still has some problems that severely limit the results which can be obtained. These problems derive both from the Ca 2+ -affinity, still too high for the large [Ca 2+ ] present into the ER, and from the irreversible aequorin consumption that occurs at high [Ca 2+ ]. Reconstitution of aequorin with coelenterazine requires previous depletion of Ca 2+ of the ER. Then, refilling of the ER with Ca 2+ is accomplished prior to the experiments by perfusing cells with Ca 2+ -containing extracellular medium. However, because of the still relatively high Ca 2+ -affinity of the ER-mutAEQ-n, about 90% of the aequorin molecules are consumed within the first 3 min after Ca 2+ addition, and therefore during the refilling process, when the experiments are performed at 37 • C. Thus, in order to see an effect, addition of agonists or effectors has to be made before refilling of the ER has been completed. In fact, as we show here, this problem has led to an under-estimation of the steady-state [Ca 2+ ] ER levels, because in those experiments ER-refilling could never reach steady-state [Ca 2+ ] values before full aequorin consumption.
An important finding to facilitate the use of ER-mutAEQ-n was that reducing the temperature to 22 • C increased the amount of time available for the experiments to 10-15 min [2] . This is why many [Ca 2+ ] ER measurements have been made up to now at 22 • C. However, this temperature is not physiological, this time is still too short for many experimental protocols, and saturation of the probe with Ca 2+ limits anyway the sensitivity at high [Ca 2+ ].
In this paper we show measurements of [Ca 2+ ] ER in HeLa cells obtained with a new double-mutated aequorin form [9] targeted to the endoplasmic reticulum. This new probe allows making prolonged measurements at 37 
Methods

Cell culture and targeted mutated aequorin expression
HeLa cells were grown in Dulbecco's modified Eagle's medium supplemented with 5% fetal calf serum, 100 i.u. ml −1 penicillin and 100 i.u. ml −1 streptomycin. PC12 rat pheochromocytoma cells were grown in Dulbecco's modified Eagle's medium supplemented with 7.5% fetal bovine serum, 7.5% horse serum, 2 mM glutamine, 100 i.u. ml −1 penicillin and 100 i.u. ml −1 streptomycin. Description of the double mutated aequorin form has been made previously [9] . The same Asn28→Leu mutation was introduced in a pcDNA 3.1 plasmid containing ER-targeted 119Ala mut-AEQ. Transfections were carried out using Metafectene (Biontex, Munich, Germany).
[Ca 2+ ] ER measurements with aequorin
HeLa cells were plated onto 13 mm round coverslips and transfected with the plasmid for the ER-targeted double mutated aequorin (ER-2mutAEQ). Reconstitution of this aequorin type with coelenterazine i was carried out either with or without previous Ca 2+ -depletion of the ER. In the first case, before reconstituting aequorin, [Ca 2+ ] ER was reduced by incubating the cells for 10 min at 20 • C with the sarcoplasmic and endoplasmic reticulum Ca 2+ -ATPase inhibitor 2,5-di-tert-buthyl-benzohydroquinone (BHQ) 10 M in standard external medium containing (in mM): NaCl, 145; KCl, 5; MgCl 2 , 1; glucose, 10; HEPES, 10, pH 7.4, supplemented with 0.5 mM EGTA. Cells were then washed and incubated for 1-2 h at 20 • C in the same medium with 2 M coelenterazine i. Then, the coverslip was placed in the perfusion chamber of a purpose-built thermostatized luminometer (at 37 • C), and standard medium containing 0.5 mM EGTA was perfused for 5 min prior to the experiment. For reconstitution in Ca 2+ -containing medium, cells were incubated for 1 h at 20 • C in external medium containing (in mM): NaCl, 145; KCl, 5; MgCl 2 , 1; glucose, 10; HEPES, 10, CaCl 2 , 1, pH 7.4, supplemented with 2 M coelenterazine i. The coverslip with the cells was then placed in the thermostatized luminometer (at 37 • C) and perfused with the same Ca 2+ -containing external medium. In the case of using permeabilized cells (only Fig. 2e ), standard medium containing 0.5 mM EGTA instead of Ca 2+ was perfused for 1 min, followed by 1 min of intracellular medium (130 mM KCl, 10 mM NaCl, 1 mM MgCl 2 , 1 mM potassium phosphate, 0.5 mM EGTA, 1 mM ATP, 20 M ADP, 5 mM l-malate, 5 mM glutamate, 5 mM succinate, 20 mM HEPES, pH 7) containing 20 M digitonin. Then, intracellular medium without digitonin was perfused for 5 min, followed by a 100 nM [Ca 2+ ] buffer prepared with EGTA. Temperature was set at 37 • C in all the experiments, except for that in Fig. 2f . Calibration of the luminescence data into [Ca 2+ ] was made using an algorithm adjusted to the calibration, as previously described [10] .
Calibration of ER-2mutAEQ inside the endoplasmic reticulum
HeLa cells expressing ER-2mutAEQ were reconstituted with 2 M coelenterazine i in the presence of 1 M thapsigargin (to avoid any possible interference from the endoplasmic reticulum Ca 2+ store in the calibration). Then, cells were placed in the luminometer, permeabilized with digitonin and perfused with intracellular medium (130 mM KCl, 10 mM NaCl, 1 mM MgCl 2 , 1 mM potassium phosphate, 0.5 mM EGTA, 20 mM Hepes, pH 7) containing no ATP and no metabolic substrates, ionophores ionomycin (1 M) and FCCP (2 M), and 10 M of the sarco-endoplasmic reticulum Ca 2+ -ATPase inhibitor 2,5-di-tert-buthyl benzohydroquinone (BHQ). In this way, the endoplasmic reticulum becomes unable to ]. Each point shows the mean ± S.E. obtained with 3-5 data of each kind. These experimental points were then fitted to the algorithm described previously [10] . The figure also shows for comparison the calibration curves corresponding to ER-mutAEQ reconstituted with coelenterazine n [1] and mit-2mutAEQ reconstituted with coelenterazine i [9] . All the data represented were obtained at 37
• C.
accumulate Ca 2+ and behaves simply as an aequorin container, freely permeable to Ca 2+ and H + , and ready to perform a calibration in the desired conditions. Cells were then perfused under these conditions with the same intracellular medium containing no EGTA and different unbuffered Ca 2+ concentrations added, from 50 M to 5 mM. The relationship between the relative luminescence data (luminescence/total residual luminescence or L/L max ) and the corresponding [Ca 2+ ] was then plotted as shown in Fig. 1 below to obtain the calibration curve. Data were then fitted as shown in the figure and the curve obtained was then used to calibrate the experiments.
Measurements of mitochondrial membrane potential
Mitochondrial membrane potential was monitored using the fluorescent indicator tetramethylrhodamine ethyl ester (TMRE). HeLa cells were mounted in a cell chamber in the stage of a Zeiss Axiovert 200 microscope under continuous perfusion. Cells were then permeabilized with digitonin and perfused with intracellular medium containing 20 nM TMRE until steady-state fluorescence was reached (usually about 5 min). Single cell fluorescence was excited at 540 nm using a Cairn monochromator (200 ms excitation every 2 s) and images of the fluorescence emitted between 570 and 630 nm obtained with a 40× Fluar objective were recorded by a Hamamatsu ORCA-ER camera. Single cell fluorescence records were analyzed off-line using the Metafluor program (Universal Imaging). Experiments were performed at 37 • C using an on-line heater from Harvard Apparatus.
Measurements of intracellular [Ca 2+ ] with fura-2
Cells were loaded with fura-2 by incubation in standard medium containing 2 M fura-2-acetoxymethyl ester (fura-2-AM) for 1 h at room temperature. Simultaneously, cells were also loaded with either none, 10 M EGTA-AM or 10 M BAPTA-AM. Cells were then washed with standard medium for 15 min at room temperature and mounted in a cell chamber in the stage of a Zeiss Axiovert 200 microscope under continuous perfusion. Single cell fluorescence was excited at 340 nm and 380 nm using a Cairn monochromator (200 ms excitation at each wavelength every 2 s, 10 nm bandwidth) and images of the emitted fluorescence obtained with a 40× Fluar objective were collected using a 400DCLP dichroic mirror and a D510/80 emission filter (both from Chroma Technology) and recorded by a Hamamatsu ORCA-ER camera. Single cell fluorescence records were ratioed and calibrated into [Ca 2+ ] values using the Metafluor program (Universal Imaging). Experiments were performed at 37 • C using an on-line heater from Harvard Apparatus.
Materials
Coelenterazine i was obtained from Biotium, Inc., Hayward, CA, U.S.A. Fura-2 was from Molecular Probes, OR, U.S.A. Other reagents were from Sigma, Madrid, Spain or Merck, Darmstadt, Germany.
Results
Although this new aequorin form has been previous calibrated in mitochondria, we have shown previously that there are some small differences between the calibrations made in mitochondria and in the endoplasmic reticulum, which can be mainly attributed to the different pH [11] . Thus, we have calibrated the probe also inside the endoplasmic reticulum. Fig. 1 shows the results obtained (curve ER-2mutAEQ-i) and compares this calibration curve obtained in the endoplasmic reticulum with that previously obtained inside mitochondria (curve mit-2mutAEQ-i, Ref. [9] ). The difference can be attributed to the different pH (pH 7 in the ER vs pH 8 in mitochondria), as increasing the pH has been shown to increase luminescence [12] . Fig. 1 also includes for comparison the calibration curve of the ER-mutAEQ-n aequorin form [1] , which is shifted by about two orders of magnitude of [Ca 2+ ] to the left.
The new probe allows obtaining long-lasting measurements of [Ca 2+ ] ER without problems derived from aequorin consumption. Fig. 2 2+ . In the experiments shown in Fig. 3 , reconstitution with coelenterazine i was carried out in 1 mM Ca 2+ -containing medium. The results obtained in terms of both [Ca 2+ ] ER values and the effects of histamine, BHQ and EGTA addition, were the same as those found in Ca 2+ -depleted cells (Fig. 2) , indicating that Ca 2+ -depletion does not significantly modify these responses in HeLa cells. In other cell types, however, the possibility to make [Ca 2+ ] ER measurements without previous Ca 2+ depletion may represent a significant advantage.
We have then investigated the link between Ca 2+ -entry and Ca 2+ refilling of the ER, using three different experimental protocols. In panel a of Fig. 4 2+ addition, although only the last effect was significant. Regarding 2 M FCCP, it reduced by about 50% both parameters with high statistical significance. Panel e shows the effect of these concentrations on mitochondrial membrane potential. The lower concentration, 0.2 M FCCP, almost fully abolished mitochondrial membrane potential. Therefore, this concentration should be considered the most relevant to show the effects of mitochondrial membrane potential depolarization. The additional effects of higher concentrations of FCCP may be due to actions of the protonophore in other cell locations. Fig. 5 shows the effect of loading the cells with Ca 2+ chelators, either EGTA or BAPTA. We used these two chelators because they have different kinetic properties and can be useful to detect transient local high-Ca 2+ microdomains. Cells were incubated with the AM-derivative of each chelator during aequorin reconstitution and then refilling was triggered by addition of Ca 2+ to the extracellular medium. Panel a shows that refilling was significantly slowed by both chelators, but the fast chelator BAPTA was much more effective than EGTA to produce this effect. Panel b shows that the initial rate was reduced by 50% in cells loaded with EGTA and by 80% in cells loaded with BAPTA, in both cases with high significance. In addition, in the cells loaded with EGTA, the [ 2+ ] c (mean ± S.E., control, 66 ± 2 nM, n = 14; EGTA-AM, 66 ± 1 nM, n = 22; BAPTA-AM, 68 ± 2 nM, n = 15).
In Fig. 6 we make a more complete study of the [Ca 2+ ] ER values obtained after monitoring [Ca 2+ ] ER for more than 1 h. The upper panel shows the unprocessed luminescence record. 1 mM Ca 2+ was perfused for 1 h and then digitonin was added together with 20 mM The presence of heterogeneity in [Ca 2+ ] ER had been described before using the ER-mutAEQ probe reconstituted with both coelenterazine wild type and n [16] . As we show in panel a of Fig. 7 (see also Refs. [16, 17] ), addition of Ca 2+ to cells expressing ER-mutAEQn induced a very fast peak of luminescence which consumed about 95% of the luminescence. Then, later addition of digitonin and high calcium released the residual 5% of the luminescence. This implies that about 5% of the probe is present in a compartment with very low [Ca 2+ ]. On the other hand, and this has not been described before, inhibition of the SERCA pump with both thapsigargin and benzohydroquinone abolished most of the [Ca 2+ ] ER increase, except for a 5.4 ± 0.4% (mean ± S.E., n = 4) of the space, which was insensitive to the inhibitors (panel b). When we study then this compartment using the ER-2mutAEQ-i, we find that addition of Ca 2+ to cells with the SERCA pump inhibited by both thapsigargin and BHQ, induced a small but persistent increase in luminescence. Calibration into [Ca 2+ ] of this increase provided values around 300 M. However, considering that the luminescence comes only from less than 10% of the total space, the real [Ca 2+ ] ER value for this compartment would be in the millimolar range. Addition of histamine did not produce any significant effect (data from 4 experiments), indicating that this space, which must accumulate Ca 2+ through thapsigargin and BHQ insensitive Ca 2+ -pumps, does not possess InsP 3 receptors.
Discussion
Measuring [Ca 2+ ] ER requires probes with a very low Ca 2+ -affinity, able to have good sensitivity in the millimolar range. In the case of aequorin, the low Ca 2+ -affinity is also essential to be able to monitor very high [Ca 2+ ] levels for prolonged times without consumption. We have recently developed a double mutated aequorin probe able to measure the millimolar [Ca 2+ ] levels which are reached in mitochondria during prolonged increases in the cytosolic [Ca 2+ ] [9] . We have now used this probe targeted to the endoplasmic reticulum to investigate the dynamics of [Ca 2+ ] ER . The specificity of targeting of this probe has been previously shown in HeLa cells by immunocytochemistry [17] and by electron microscopy, using immunogold labeling of ultrathin cryosections of HeLa cells expressing the targeted aequorin [16] . Both techniques showed that the protein is localized within the lumen of the ER and perinuclear cisternae.
Original measurements of [Ca 2+ ] ER had been made with mutated aequorin reconstituted with synthetic coelenterazine n. The values obtained in these original works for the steady-state [Ca 2+ ] ER in several cell types were between 300 and 800 M [1] [2] [3] 18] . Later works by other authors reported similar values [4] [5] [6] [7] [8] . However, our data here indicate that [Ca 2+ ] ER is higher. About 50% of the ER has [Ca 2+ ] above 1 mM, and some parts even above 2 mM. The other 50% may have [Ca 2+ ] ER values of 1 mM and below, including a 5% of the space with very low [Ca 2+ ]. The reason for the difference with the previous data relies mainly in the higher Ca 2+ -affinity of the old probe and particularly in its fast consumption during ER Ca 2+ refilling. As can be seen in Fig. 5a , the time available for measuring [Ca 2+ ] ER during refilling with the old probe at 37 • C was only about 3 min. However, detailed study of the time course of refilling monitored with the new probe shows clearly that full refilling requires at least 5 min to reach the steady-state. Therefore, the data obtained with the old probe were necessarily an underestimation of the real value. Regarding the data obtained at 22 • C, [Ca 2+ ] ER values around 600 M [2] were obtained with the old aequorin probe at this temperature, which slowed aequorin consumption increasing up to 10-15 min the time available to measure [Ca 2+ ] ER during refilling. Using the new probe, we show here (Fig. 2f) [21] , skeletal muscle cells [25, 27] and rabbit heart cells [28] The new probe has also a very important technical and experimental advantage over the previous aequorin probes. All the [Ca 2+ ] ER measurements carried out before with these probes were performed in cells previously depleted of Ca 2+ , because the high Ca 2+ content of the ER precluded reconstitution with the coelenterazine cofactor. Instead, the very low Ca 2+ -affinity of the ER-2mutAEQ probe allows reconstitution with coelenterazine i in intact non-Ca 2+ -depleted cells. Most probably, this is possible thanks to the fact that the Ca 2+ -affinity is further reduced during reconstitution at 20 • C, and little aequorin is consumed before the temperature is increased to 37 • C at the beginning of the experiment. In HeLa cells, the data obtained in non-Ca 2+ We have also studied the effect of mitochondrial membrane depolarization with FCCP on the rate of ER Ca 2+ refilling. Mitochondria have been reported to control the activity of store operated Ca 2+ channels by avoiding their Ca 2+ -inactivation [14, 15] . Under this view, mitochondrial membrane depolarization should lead to rapid channel inactivation during refilling and thus, to a significant reduction in the rate of refilling. Our data confirm that FCCP reduces the rate of Ca 2+ uptake by the ER. However, we only find a relatively small (20-30%) reduction in the rate of refilling by using an FCCP concentration able to fully depolarize mitochondrial membranes. This means that, at least in these cells, the contribution of mitochondria to the control of store operated channels is only minor.
Loading the cells with the chelators EGTA and BAPTA significantly reduced the rate of refilling. Obviously, the increase in the buffering capacity of the cytosol transiently reduces the amount of Ca 2+ available for pumping into the ER. However, the effect was much stronger with the fast chelator BAPTA than with EGTA, even though the effect of both chelators on the [Ca 2+ ] c increase was similar. The fact that a fast chelator is more efficient to reduce the rate of refilling of the ER suggests that a localized [Ca 2+ ] microdomain may be involved in the process of refilling. It has been proposed recently that store operated channels and SERCA are closely coupled [29] , so that a pathway for fast Ca 2+ transport from the extracellular medium to the ER may exist. Our data are consistent with this hypothesis and suggest that local cytosolic [Ca 2+ ] microdomains may be involved in ER Ca 2+ refilling.
Our data show also evidence for the presence of heterogeneity in [Ca 2+ ] among different areas of the ER. As it has been reported before [16, 30] (Fig. 2e) , where the cytosolic [Ca 2+ ] is kept constant at 100 nM in the perfusion buffer for the whole refilling period. It is true that adaptation of the ER-Ca 2+ -pumping and leak mechanisms could still lead to a genuine overshoot of [Ca 2+ ] ER after Ca 2+ addition. However, a progressive decrease in [Ca 2+ ] ER is also observed in non-Ca 2+ -depleted cells. In this case, reconstitution takes place at 20 • C, where the Ca 2+ affinity of ER-2mutAEQ-i is lower, and it is the increase in the temperature to 37 • C what reveals the phenomenon. Although an adaptation to the temperature change could still be possible here, we think that the best explanation for this behavior relies in the heterogeneity. Aequorin is rapidly consumed first in ER regions having [Ca 2+ ] above 2 mM and then the luminescence from other regions having only about 1 mM [Ca 2+ ] predominates. According to the percentages of consumption obtained, high and low millimolar [Ca 2+ ] regions would contain each about half of the ER. Of course, this may be an oversimplification and a more continuous range of concentrations between 1 mM and about 3 mM appears more probable. Our data reveal also the presence of two small compartments with functional properties different to the rest. About 5% of the ER space containing our probe has very low [Ca 2+ ], unable to trigger aequorin luminescence, and another 5% of the ER space has high [Ca 2+ ], also in the millimolar range, but is thapsigargin-insensitive and has no InsP 3 receptors.
In summary, the new low-Ca 2+ affinity aequorin used here allows studying [Ca 2+ ] ER dynamics with a much higher detail. It provides new higher values for the steady-state [Ca 2+ ] ER , reveals the presence of heterogeneity in [Ca 2+ ] among different regions of the ER, and provides new information on the rate of refilling of the ER and its dependence on Ca 2+ entry through the plasma membrane and cytosolic Ca 2+ buffering.
